The development of improvements in magnetic resonance imaging (MRI) that would enhance sensitivity, leading to earlier detection of cancer and visualization of metastatic disease, is an area of intense exploration. We have devised a tumor-targeting, liposomal nanodelivery platform for use in gene medicine. This systemically administered nanocomplex has been shown to specifically and efficiently deliver both genes and oligonucleotides to primary and metastatic tumor cells, resulting in significant tumor growth inhibition and even tumor regression. Here we examine the effect on MRI of incorporating conventional MRI contrast agent Magnevist 
Introduction
The ability to detect cancer, both primary and metastatic disease, at an early stage would be a major step toward the goal of ending the pain and suffering from the disease. The development of tumor-targeted delivery systems for gene therapy has opened the potential for delivery of imaging agents more effectively than is currently achievable. Magnetic resonance imaging (MRI) can acquire 3-D anatomical images of organs. Coupling these with paramagnetic images results in the accurate localization of tumors as well as longitudinal and quantitative monitoring of tumor growth and angiogenesis [1, 2] .
One of the most common paramagnetic imaging agents used in cancer diagnostics is Magnevist 1 (gadopentetate dimeglumine). Gadolinium is a rare earth element. It shows paramagnetic properties because its ion (Gd 2+ ) has seven unpaired electrons. The contrast enhancement observed in MRI scans is due to the strong effect of Gd 2+ primarily on the hydrogen-proton spinlattice relaxation time (T1). Whereas free gadolinium is highly toxic and thus unsuitable for clinical use, chelation with diethylenetriamine pentacetic acid generates a well-tolerated, stable, strongly paramagnetic complex. This metal chelate is metabolically inert. However, after intravenous (iv) injection of gadopentetate dimeglumine, the meglumine ion dissociates from the hydrophobic gadopentetate, which is distributed only in the extracellular water. It cannot cross an intact blood-brain barrier and therefore does not accumulate in normal brain tissue, cysts, postoperative scars, etc, and it is rapidly excreted in the urine. It has a mean half-life of about 1.6 hr. Approximately 80% of the dose is excreted in the urine within 6 hr. A systemically administered tumor-targeting delivery system has been developed in our laboratory for use in gene medicine [3 -8] . This nanosized complex is composed of a cationic liposome encapsulating the nucleic acid payload, which can be either genes [3 -6] or oligonucleotides [7, 8] . Decorating the surface of the liposome is a targeting molecule that can be a ligand, such as folate or transferrin, or an antibody or an antibody fragment directed against a cell surface receptor. The presence of the ligand/antibody on the liposome facilitates the entry of the complex into the cells through binding of the targeting molecule by its receptor followed by internalization of the bound complex via receptor-mediated endocytosis, a highly efficient internalization pathway [9, 10] . This modification of the liposomes results in their being able to not only selectively deliver their payload to tumor cells, but also increases the transfection efficacy of the liposome. Transferrin receptor (TfR) levels are elevated in various types of cancer including oral, prostate, breast, and pancreas [11 -16] . Moreover, the TfR recycles during internalization in rapidly developing cells such as cancer cells [16] , thus contributing to the uptake of these transferrintargeted nanocomplexes even in cancer cells where TfR levels are not elevated. The nanocomplex used in the studies described here uses an anti-transferrin receptor single-chain antibody fragment (TfRscFv) as the targeting moiety [17, 18] . TfRscFv contains the complete antibodybinding site for the epitope of the TfR recognized by the monoclonal antibody 5E9 [18] . TfRscFv has advantages over the transferrin molecule itself, or an entire monoclonal antibody, in targeting liposomes to cancer cells with elevated TfR levels: (1) The size of the scFv (28 kDa) is much smaller than that of the transferrin molecule (80 kDa) or the parental monoclonal antibody (155 kDa). The scFv liposome -DNA complex may thus exhibit better penetration into small capillaries characteristic of solid tumors. (2) The smaller scFv has a practical advantage related to the scaled-up production necessary for the clinical trials. (3) The scFv is a recombinant molecule and not a blood product like transferrin and thus presents no danger of a potential contamination by blood-borne pathogens. (4) Without the Fc region of the monoclonal antibody, the issue of non-antigen-specific binding through Fc receptors is eliminated [19] . Most importantly, we have already shown that such an anti-TfR single-chain antibody molecule can target an intravenously administered cationic liposome -DNA nanocomplex preferentially to tumors [5, 6] . Encapsulating Magnevist 1 within such a tumor-targeted nanocomplex offers potential advantages for enhanced sensitivity, detection of metastases, and diagnosis of cancer. In this article, using a mouse xenograft model of human pancreatic cancer, we explore the use of this nanocomplex for systemic delivery of the imaging agent Magnevist 1 to tumors. In addition, we used scanning electron microscopy (SEM) and scanning probe microscopy (SPM) [20 -25] to examine the physical structure and size of these Magnevist 1 -carrying nanocomplexes.
Because gadolinium is a high-atomic-number element and possesses a large magnetic moment, these properties can be exploited in a variety of ways to enhance contrast in both SEM and SPM. The findings presented below demonstrate that our ligand -liposome nanocomplex does indeed encapsulate Magnevist 1 and that iv administration of this complex results in enhanced tumor imaging.
Materials and Methods

Cell Lines
Human lymphoblastic leukemia cell line K562 was obtained from the Lombardi Comprehensive Cancer Center Tissue Culture core facility (Washington, DC). These suspension cells were maintained in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS) plus 2 mM L-glutamine, and 50 mg/mL each of penicillin, streptomycin, and neomycin. Human pancreatic cancer cell line CaPan-1 (obtained from ATCC, Manassas, VA) was derived from a metastatic adenocarcinoma of the pancreas. It was maintained in Iscove's modified Dulbecco's medium containing 4 mM L-glutamine and sodium bicarbonate, supplemented with 20% non-heat-inactivated FBS, 2 mM L-glutamine, and 50 mg/mL each of penicillin, streptomycin, and neomycin. Human prostate cancer cell line DU145 (ATCC) was originally derived from a lesion in the brain of a patient with widespread metastatic carcinoma of the prostate. It was maintained in minimum essential medium with Earle's salts supplemented with 10% heat-inactivated FBS plus L-glutamine and antibiotics as above.
Nanocomplex Formation
Cationic liposome (DOTAP:DOPE) was prepared by the ethanol injection method as previously described [6] . When delivering plasmid DNA, the full complex was formed in a manner identical to that previously described [26] . To encapsulate the imaging agent, the TfRscFv was mixed with the liposome at a specific ratio (identical to that used with DNA) and incubated at room temperature for 10 min. Magnevist 1 was added to this solution, mixed, and again incubated at room temperature for 10 min. When stored at 2-8°C the complex is stable for at least 8 days, as determined by size measurements using a Malvern Zetasizer 3000H (Malvern, UK). Matrigel were injected into the surgically exposed pancreas of female athymic nude mice as previously described [27] . Five weeks post surgery, the complex carrying the LacZ gene was iv injected 3Â over 24 hrs (at 40 mg DNA per injection). Sixty hours later, the animals were sacrificed and examined for the presence of metastases and organs stained for b-galactosidase expression using a previously described procedure [3] .
Magnetic Resonance Imaging
For in vitro MRI, the cell pellets in microcentrifuge tubes were positioned at the center of the magnet. The MRI was performed at Howard University using a 4.7-T horizontal bore NMR machine (Varian Inc, Palo Alto, CA). The imaging protocols consist of a multislice T1-weighted spin -echo imaging sequence and a saturation -recovery sequence. For the T1-weighted imaging technique, the repetition time (TR) was 1000 msec and the echo time (TE) was 13 msec. The T1-weighted spinecho imaging technique was applied to verify the positive image enhancement. The saturation -recovery MR sequence with variable echo times was used for the T1 measurement. The slice thickness of images was 0.5 mm. The radiofrequency (RF) coil used was a 30-mm singleloop coil. The RF coil serves as an RF transmitter and receiver. The RF pulse was a selective 5-msec sinc pulse. The number of phase-encoding steps was 256. The field of view was 15 Â 15 mm. The image area chosen in the study was at the center of the RF coil for RF homogeneity. The MR images were taken in the cross-section direction of the microcentrifuge tube. The height of the cell pellet was 12 mm. The range of the multislice images covers the whole pellet. The center slice images, which were not influenced by the image distortion due to the susceptibility effect from the air -pellet boundary, were used for the studies. The image intensity was measured using the Varian Image Browser software. The signal is taken from a region of interest that is big enough to cover two thirds of the image from each microcentrifuge tube. The relative image intensities of the pellets from these tubes were applied for contrast enhancement evaluation and the T1 measurements.
For the in vivo studies, mice bearing CaPan-1 orthotopic tumors or DU145 subcutaneous xenograft tumors were used. The CaPan-1 tumors were induced as described above. DU145 tumors were induced by the subcutaneous inoculation of 7 Â 10 6 cells in Matrigel.
These studies were performed at Georgetown University. Animals to be imaged were anesthetized and placed in a proprietary, in-house designed, animal management system. This system incorporates a warm-water heating system that maintains the temperature at 37°C, as well as a four-channel, thermal optical monitoring system used to monitor animals' skin temperature, ambient temperature, and wall temperature of the device. For imaging, anesthesia was induced using isoflurane at 4%, with the remaining gas composed of a 66% oxygen and 30% nitrous oxide mixture. Maintenance of anesthesia was achieved with 1.5% isoflurane under similar gaseous conditions of oxygen and nitrous oxide as noted. The anesthetized animal was positioned inside a cylindrical, variable RF resonant antenna (birdcage resonator volume coil) and tuned to a center frequency of approximately 300 MHz (the resonant frequency of water molecules when subject to a field strength of 7 T). The imaging protocol used was T1-weighted Turbo-RARE (rapid acquisition with rapid enhancement) 3-D imaging sequences performed on a 7T Bruker BioSpin (Billerica, MA) imaging console. The imaging parameters used were as follows: T1-weighted Turbo-RARE 3-D, TE 13.3 msec, TR 229.5 sec, flipback on, four echoes with a field of view of 8.0/3.5/3.5 cm and a 256 Â 256 Â 256 matrix. After a baseline image was acquired, the animal was kept immobilized in the animal holder and the Magnevist 1 only [diluted to 400 mL with 1Â phosphate-buffered saline (pH = 7.4)] or the TfRscFv -Lip -Mag complex (total volume 400 mL) was systemically administered using a 27 G needle by iv injection into the tail vein of the animal and the 3-D imaging sequence was immediately initiated. The imaging with the two solutions were performed on sequential days.
Scanning Electron Microscopy
Sample solutions of liposome-encapsulated Magnevist contrast agent and complete nanocomplex consisting of a tumor-targeting single-chain transferrin receptor protein coating the liposome-encapsulated complex, TfRscFv -Lip -Mag, were prepared at Georgetown University Medical Center (GUMC), delivered to National Institute of Standards and Technology (NIST) and were stored under dark and refrigeration. For each imaging session, a fresh dilution 1:3 by volume with deionized water was prepared and a 5-mL droplet was micropipetted onto a standard 200-mesh transmission electron microscopy grid consisting of 30 -60 nm formvar and 15 -20 nm carbon. The droplet was allowed to dry on the grid in air for 5 min before being loaded into the vacuum chamber of the microscope. Imaging was performed using a Hitachi S-4800 field-emission microscope at NIST. Of particular interest to applications of SEM to nanocomplex imaging is a comparison of upper and lower secondary electron detectors [SE9(U) and SE(L)]-using the SEM in its usual mode-to the addition of a transmitted electron (TE) detector, transforming the instrument into a low-voltage STEM.
Scanning Probe Microscopy
Sample solutions of liposome-encapsulated Magnevist contrast agent and complete nanocomplex were prepared at GUMC, delivered to NIST, and were stored under dark and refrigeration. For each imaging session, a fresh dilution 1:3 by volume with deionized water was prepared and a 5-mL droplet was micropipetted onto an untrasonically cleaned silicon substrate used with native oxide or with a poly-L-lysine coating. SPM imaging were obtained using a Veeco (Santa Barbara, CA) MultiMode microscope with a Nanoscope IV controller. Topography by tapping mode with Z control [Veeco RTESP cantilevers, of approximately 320 -360 kHz and k approximately 20 -60 N/m], phase imaging, and magnetic force microscopy using magnetic-coated tips (Veeco MESP 68 kHz] were performed in life mode. Dynamic imaging of dewetting and surface energy ''phase separation'' as the solution evaporates to expose isolated nanoparticles and aggregates were used to understand the consequences of solvent drying on the stability of the particles and its effect on the various SPM contrast mechanisms available with the SPM system.
Results
Tumor-Specific Targeting by the Ligand-Liposome Nanocomplex Carrying a Reporter Gene
To assess selective targeting of the TfRscFv -LipA nanocomplex to primary tumor and metastases, an orthotopic metastasis model, a closer approximation of the clinical situation, using human PanCa cell line CaPan-1 was used. Surgical orthotopic implantations of CaPan-1 xenograft tumor sections into nude mice have been shown to produce, within 56 days, metastases in liver and spleen [27] . Orthotopic tumors of CaPan-1 were induced in female athymic nude mice as described in Materials and Methods. Approximately 5 weeks later, the animals were euthanized and necropsied to look for tumor in the pancreas and other organs. As shown in Figure 1A , extensive tumor growth is evident throughout the pancreas. Metastases were present in various organs in four of five mice including the spleen, liver, lung, adrenal gland and even within the diaphragm. This experiment was repeated with similar results.
To establish selective targeting tumor and metastasis, before sacrificing the mice, the TfRscFv -LipA complex carrying pSVb (LacZ) plasmid DNA for b-galactosidase expression was iv injected into the mice three times over a 24-hr period (40 mg of plasmid DNA per injection). All five mice were sacrificed 60 hr after injection and various organs, including the liver, lung, spleen, pancreas and diaphragm, were harvested and examined for the presence of metastasis and tumor-specific staining. Fresh samples, sliced at 1-mm thickness, were stained with X-gal to produce a blue color where the gene is expressed. The tumor-targeting ability and high transfection efficiency of the complex is demonstrated by the presence of the reporter gene in the various organs from this animal ( Figure 1B) . In the liver, lung, adrenal gland, and diaphragm, it is clearly shown that the reporter gene is highly expressed only in the metastases, whereas in the adjacent normal tissue, no blue color is evident. The metastasis visible in the liver in Figure 1A (arrow) is the same tumor nodule strongly expressing b-galactosidase in Figure 1B (arrow) confirming the tumor-specific nature of this nanocomplex. In some of the mice, growth of the tumor in pancreas also resulted in extrusion of tumor through the original incision site used for implantation. In Figure 1B , this strongly blue stained subcutaneous tumor, surrounded by normal nonstained skin, is also shown, again showing tumor cell specificity. Similar results were observed in the rest of the mice and in the repeat experiment. Thus, this systemically administrated nanocomplex will target tumor cells, both primary and metastatic, wherever they occur in the body, and efficiently deliver plasmid DNA. We wished to expand the potential of this delivery system to include contrast agents. The ability to do so could result in improved imaging and cancer detection.
In Vitro Studies Using TfRscFv -Lip Complex to Deliver Magnevist
1
As Magnevist
1 is one of the most frequently used contrast agents in the clinic, it was chosen for use in these studies. In our initial experiments, we examined whether the complex could be prepared with Magnevist 1 and if doing so would enhance the MRI signal.
Because trypsinization could lead to membrane damage and leakage of contrast agent from the cells, adherent cells were not used in these studies. Instead, a human lymphoblastic leukemia cell line, K562, which grows as a suspension culture was used. Moreover, gentle pelleting and washing of the cells would remove any excess Magnevist 1 or complex before imaging, allowing only cell-associated signal to be detected.
Time-Dependent Image Enhancement by the TfRscFv -Lip -Mag Nanocomplex
We examined the optimal time for transfection of the TfRscFv -Lip -Mag nanocomplex. The suggested clinical dose of Magnevist is 0.1 mmol/kg. In these initial studies, we used a dose of 0.3 mmol/kg (corrected for the smaller weight and blood volume of mouse vs. man) in the complex per 250 mL of transfection solution. K562 cells were transfected for times ranging from 20 to 90 min. Twenty minutes showed very low transfection activity based on the image intensity (data not shown). However, as shown in Figure 2A , by 60 min the cells transfected with the complex showed a large increase in intensity as compared to the untreated cells. The intensity of the untreated cells (202 ± 48) was not significantly different from that of an empty marker tube (194 ± 43), indicating that the cells themselves do not contribute to the signal detected. More importantly, the transfection efficiency plateaus at approximately 60 min because the relative intensity of the cells transfected for 60 and 90 min were identical (317 ± 46 and 317 ± 47, respectively). As shown in Figure 2B and The identical amount of contrast agent (0.3 mmole/kg or 1.5 mL/250 mL transfection volume) and transfection time (60 min) was used for both solutions. Whereas free Magnevist 1 showed enhanced contrast relative to the untreated cells as expected, the cells treated with the TfRscv -Lip -Magnevist complex demonstrated a much greater increase in image intensity and shortened T1 relaxation time compared to both untreated and freeMagnevist 1 -treated cells ( Figure 2C , Table 2 ). These results not only demonstrate the increased efficiency of contrast agent uptake by means of the targeted nanocomplex, but also indicate that the observed signal is likely not due to uncomplexed Magnevist 1 . Further evidence of Magnevist 1 encapsulation is given below.
In Vivo Image Enhancement with TfRscFv -Lip -Mag
The above studies established that the nanocomplex could more efficiently image tumor cells in vitro than Magnevist 1 alone. However, to have potential for clinical use, the complex must exhibit a similar effect in vivo. We used the same human pancreatic cancer orthotopic mouse model (CaPan-1) for these studies as was used above to demonstrate tumor-specific targeting of the complex carrying a reporter gene. In addition, a second tumor model, a subcutaneous prostate xenograft mouse model (DU145) was also used. Mice bearing CaPan-1 or DU145 tumors were imaged on a 7T Bruker NMR as described in Materials and Methods. Once positioned in the coil, a baseline image was obtained using a T1-weighted Turbo-RARE 3-D imaging sequence. To facilitate image alignment, after baseline acquisition the animal was maintained in the animal holder while the imaging solution was administered via iv injection. Signal acquisition was begun within 3 min of the injection. The amount of Magnevist 1 administered to the mouse, either free (as is performed in the clinic) or included in the complex, was 10 mL. This amount is equivalent to 0.2 mmole/kg or twice that used in humans. This amount was selected because the standard human dose of 0.1 mmole/kg Magnevist 1 alone gave a very poor signal in the mice. The imaging with free Magnevist 1 and the TfRscFv -Lip-Mag complex were performed on two consecutive days. A baseline scan was also performed before administration of nanocomplex to confirm that all of the Magnevist 1 from the previous day had been washed out. MR technique and windows were consistent between the two sets of images with the windows Figure 3 . In Figure 3A , 4 months after surgical implantation of the CaPan-1 tumor cells, the animal is carrying a large orthotopic tumor. The increased resolution and signal intensity, as compared to the contrast agent alone is quite evident. Similar results are observed in the second mouse with a CaPan-1 tumor shown in Figure 3B . This animal, only 2 months postsurgery, has a visible subcutaneous tumor growing through the site of the incision. A small abdominal mass was also detected by palpation. Not only is the signal in the subcutaneous tumor more enhanced after administration of the complexed Magnevist 1 , but what appears to be the small orthotopic tumor (arrow) is evident in this scan and not in the one in which the animal received the free Magnevist 1 .
Similarly, increased definition and contrast are evident in the subcutaneous DU145 tumor ( Figure 3C ) after injection with the TfRscFv -Lip -Mag complex as compared to the free Magnevist 1 . Reconstruction and quantitation was performed on the images in Figure 3B and C, representing the two different tumor models, pancreatic cancer (CaPan-1) and prostate cancer (DU145). In both instances, there is an increased intensity (pixels) by the free Magnevist 1 over the baseline, as expected (Table 3) . However, delivery of the imaging agent by the tumor-targeting nanocomplex results in an almost threefold further increase in signal intensity in both of these tumor models. These studies thus demonstrate that when Magnevist 1 is incorporated within the TfRscFvLip complex there is an improved tumor visualization in an in vivo situation, and they suggest the potential benefit of further developing this means of tumor detection for clinical use.
Physical Characterization Studies
Whereas the in vitro studies offered circumstantial evidence that complexed Magnevist 1 is encapsulated within the liposome, we have used sophisticated microscopy techniques (SEM and SPM) to confirm this fact and further characterize (e.g., complex size) the TfRscFv -Lip -Mag complex.
Imaging of Liposomes without Magnevist. High-resolution imaging implies narrow depth of focus and so requires relatively thin and flat samples. How thin varies with technique, but surface and substrate effects-surface energy and symmetry lowering-often dominate the structural forces typical of biomaterials. This is particularly true for liposomes given their tenuous nature [28] . So an understanding of reliable methods for preparing and characterizing the dimensional and mechanical stability of isolated liposomes is an essential step. The goal of our present characterization efforts is to perform direct sensing of the mechanical stiffness and magnetic properties of nanoparticles to establish that the contrast agent is indeed contained within the nanoparticle and not simply associated externally with the liposomes. The SPM images surface topography in tapping mode by oscillating the tip and cantilever to which it is attached close to the cantilever resonance frequency. A feedback circuit maintains the oscillation of the cantilever at constant amplitude. This constant amplitude is given by a set point that is somewhat smaller than that of the freely oscillating cantilever. Because the SPM tip interacts with the surface through various small forces, there is a phase shift between the cantilever excitation and its response at a given point on the surface. For an inhomogeneous surface, the tip -surface interactions will vary according to surface charge, steep topographical changes, and mechanical stiffness variations, for example. By changing the set point and observing how certain features respond to softer or harder tapping, we can correlate this with the response expected for a specific structure such as a liposome. (The free oscillation amplitude signal is approximately 1.78 V.) A sequence of SPM phase images of a pair of isolated liposomes without payload is shown in Figure 4 . Figure 4A was imaged at a set point of 1.68 V and the corresponding negative phase difference between the substrate and liposome indicates that the tip -sample interaction is attractive for the liposome, given by a phase value of À3.5°. In the case of an attractive interaction and negative phase, the phase image of the liposome appears dark, except for a topographically keyed ring at the liposome edge. Figure 4B demonstrates the effect of reducing the set point to 1.45 V: The liposome now appears bright because the tip -sample interaction becomes repulsive, and here the phase difference between the liposome and substrate is +8°. Finally, Figure 4C shows that the phase difference recorded at a set point of 1.35 V increases further, becoming +35°.
Imaging of Liposome-Encapsulated Magnevist. Figure 5A indicates that liposomes containing Magnevist have a bimodal surface shape after drying that is more complex than that of the simple elliptical surface of a liposome containing no payload (not shown). The SPM phase behavior differs markedly from that of payloadless liposomes, the outer ring is repulsive relative to the center, and a corresponding SPM phase image is shown in Figure 5B . Regions of both attractive and repulsive tip -sample interaction appear at moderate set point values. A correlation between the SPM phase image obtained at a set point of 1.6 and the SEM image in TE mode is evident in Figure 5B and C. Liposomes appear uniformly bright across the entire particle in SEM images (not shown), similar to the uniform phase images we obtain by SPM. Tips and cantilevers change with time and usage. Moreover, it is important to verify that the images produced are not affected by tip instabilities due to foreign material on the tip. Thus, they are changed frequently. Because each cantilever is somewhat different with respect to its resonance properties, the set points used in Figures 4 and 5 are different.
Imaging of TfRscFv -Lip -Mag Nanocomplex. The complete TfRscFv -Lip -Mag nanocomplex was prepared and imaged by SEM and SPM as described in Materials and Methods. Results, shown in Figure 6 indicate that the solvent film undergoes phase separation; however, examples of isolated NDS can be readily observed on the dried film. Note that the SEM beam clearly causes some damage to the film, but the particles can be repeatedly scanned several times before beam damage becomes significant. The appearance of the full complex is different from that of the (Lip+Mag) only. The shape is less regular and considerable texturing of the liposome surface following drying is consistent with protein denaturation. Also, SEM TE images indicate that the welldefined boundary between the outer ring and center of the liposome seen with the (Lip+Mag) particles is less apparent and the shape much more variable. This is consistent with the view that the presence of protein within the liposome has altered the osmotic outflow across the liposome during film drying. It is possible to obtain additional information about these NDS particles by using the magnetic force microscopy imaging capabilities of the SPM (MFM). Because the magnetic moment of gadolinium-containing Magnevist is quite large, it should be possible using a magnetized SPM tip to interact with the oriented Magnevist concentrated within the liposomes. This is shown in Figure 7 for MFM of several approximately 100-to 200-nm-diameter nanocomplexes. We establish that, in fact, we are producing an image that is truly magnetic in nature by using the lift-mode capabilities of the SPM: In this mode, a topographic image under normal tapping mode conditions is obtained. The reference surface information is then used to offset the tip by a specified height away from the surface and the surface is then scanned at this increased height. This removes the influence of topography on the signal. MFM images obtained in lift mode at a height of 15 nm or more from the surface are given by the magnetic phase image. The appearance of a signal confirms the presence of gadolinium encapsulated within the complex.
Discussion
The development of nanoparticle-sized delivery systems that have greater tumor and tissue penetrance is a major direction in medical research in general and cancer research in particular. Combining the capabilities of these small particles with the ability to home specifically to tumor cells wherever they occur in the body could lead to significant advances in cancer treatment and diagnosis. We have previously shown that our ligand -liposome -DNA complex can specifically target and efficiently transfect tumor cells (primary and metastatic) [3 -8] . When encapsulating plasmid DNA, this targeted delivery system is truly a nanocomplex, with a uniform size of less than 100 nm [29] . Used in combination with conventional radiation/chemotherapy, delivery of therapeutic genes such as wild-type p53 by means of this nanodelivery system has resulted in tumor growth inhibition and even tumor regression in animal models [3] [4] [5] 29] . This tumor regression and concomitant decrease in blood flow due to p53-mediated antiangiogenesis have also been demonstrated using Power Doppler ultrasound imaging [30] . Adapting such a tumor-targeted nanocomplex to deliver imaging agents would have the potential to improve early diagnosis as well as detection of metastatic disease. The results described above demonstrate that we can encapsulate and deliver the commonly used MRI agent Magnevist 1 to tumor cells both in vitro and in an orthotopic animal model and in doing so produce a more defined and intense image than seen with uncomplexed Magnevist 1 .
Other nanometer-sized delivery systems for contrast agents are being developed. A chylomicron-remnant-like vehicle of approximately 90 nm containing polyiodinated triglyceride analogs in a neutral lipid core has been developed as a hepatocyte-selective contrast agent for computed tomography in animals [31] . A paramagnetic liquid perfluorocarbon nanoparticle of approximately 250 nm to which an anti-a V b 3 antibody has been conjugated is being developed for MRI to assess angiogenesis and atherosclerosis [32, 33] . However, none of these are tumor targeting or currently applicable for cancer. However, given, as shown in Figure 1 , that our nanocomplex can target metastatic disease it is anticipated that use of the nanocomplexed Magnevist Figures 6 and 7) . We have also demonstrated that the structural and mechanical properties of liposomes containing a payload are sufficiently different from those without one for it to be possible to confirm that Magnevist 1 is indeed encapsulated with the liposome. This was further confirmed by MFM imaging of the complex. A tentative explanation for the internal structure of (Lip+Mag) is that the slight bulge in the SPM topographic image, represents a liposome-confined phase separation, that is, formation of a dense Magnevist -lipid toroidal distribution around the periphery of the particle with a preferential aqueous phase at the particle's center. This response is probably attributable to several important factors: First, the properties of Magnevist solution are pH approximately 6.5-8, an osmolality of 1,960, and viscosity of 4.9 at 20°C according to the manufacturer. A plausible chemical basis for this separation of the solution noted in the Magnevist data sheet: The meglumine salts dissociate completely from the complex, so changes in the local osmotic conditions. Coupled with the charge interaction of the gadolinium complex and cationic lipid, these interactions may provide a strong driving force for a hypertonic phase separation within the liposome. The charge distribution between the cationic lipid and Magnevist solution is effective at stabilizing the liposome and at providing structural support in solution and apparently in the bloodstream. This enhanced structural support is an important benefit for our studies because it enables most particles to remain intact during the film-drying process, in contrast to the extensive decomposition observed with the liposome-only solutions. Therefore, we have been able to successfully encapsulate an MR contrast agent in our tumor-targeted nanodelivery system. The image enhancement demonstrated by the complex over conventionally delivered Magnevist 1 indicates the potential of this system to improve early detection of cancer via MRI.
